Microcystis species are among the most common waterbloom-forming cyanobacteria and a valuable source of various secondary metabolites (Carmichael, 1994) . Microcystis aeruginosa is known to produce microcystin, a potent cyclic heptapeptide hepatotoxin that inhibits protein phosphatases 1 and 2A and has more than 60 components (MacKintosh et al., 1990; Sivonen and Jones, 1999) . Microcystins are recognized as being causative of many animal poisonings and human illnesses (Sivonen and Jones, 1999) . Moreover, M. aeruginosa produce several small peptides including micropeptin, aeruginosin and microviridin, which are inhibitors of protease (Rohrlack et al., 2003) . Microviridin J causes a lethal molting disruption in Daphnia pulicaria, suggesting that other cyanobacterial protease inhibitors are toxic to zooplankton (Rohrlack et al., 2004) . In order to assess the health hazard posed by cyanobacteria to humans and livestock, it is necessary to achieve a better understanding of the secondary metabolites produced by bloomforming cyanobacteria. These cyanopeptides are predicted to be produced nonribosomally by the multifunctional peptide synthetases (Finking and Marahiel, 2004 
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Microcystis species are among the most common waterbloom-forming cyanobacteria and a valuable source of various secondary metabolites (Carmichael, 1994) . Microcystis aeruginosa is known to produce microcystin, a potent cyclic heptapeptide hepatotoxin that inhibits protein phosphatases 1 and 2A and has more than 60 components (MacKintosh et al., 1990; Sivonen and Jones, 1999) . Microcystins are recognized as being causative of many animal poisonings and human illnesses (Sivonen and Jones, 1999) . Moreover, M. aeruginosa produce several small peptides including micropeptin, aeruginosin and microviridin, which are inhibitors of protease (Rohrlack et al., 2003) . Microviridin J causes a lethal molting disruption in Daphnia pulicaria, suggesting that other cyanobacterial protease inhibitors are toxic to zooplankton (Rohrlack et al., 2004) . In order to assess the health hazard posed by cyanobacteria to humans and livestock, it is necessary to achieve a better understanding of the secondary metabolites produced by bloomforming cyanobacteria. These cyanopeptides are predicted to be produced nonribosomally by the multifunctional peptide synthetases (Finking and Marahiel, 2004 by several bacterial and fungal species belong to a diverse family of natural products that includes antibiotics, immunosuppressants, plant and animal toxins, and enzyme inhibitors. Interestingly, microcystin is synthesized nonribosomally via a multi enzyme complex comprising nonribosomal peptide synthetases (NRPSs), polyketide synthase (PKS), hybrid NRPSPKSs, and additional modifying enzymes (Christiansen et al., 2003; Nishizawa et al., 1999 Nishizawa et al., , 2000 Rouhiainen et al., 2004; Tillett et al., 2000) .
Nonribosomal peptide synthetases catalyze a stepwise condensation with the thiotemplate mechanism and possess a modular organization involving several domains. The reaction sequence involves recognition of the substrate, ATP-dependent activation, transfer to the 4-phosphopantetheine of the thiolation domain, modification, and the formation of a carboxyl thioesterbound substrate. Each domain for condensation, adenylation, and thiolation has a highly conserved core region of 6 to 20 amino acid residues (Fuma et al., 1993; Marahiel, 1997; Stachelhaus and Marahiel, 1995; Stein and Vaster, 1996) . Similarly, modular PKSs (type I) are multifunctional synthases organized into repeated functional domains, namely, ketosynthase (KS), acyltransferase (AT), acyl carrier protein (ACP), and additional modifying domains (enoylreductase, dehydratase, and ketoreductase). Generally, conserved amino acid motifs are observed in each of the domains (Tang et al., 1998) . Nonribosomal peptides show many valuable biological activities owing to their various structures. They are determined by the number of modules and organization of the domains.
To date, the secondary metabolites have been screened by a chemical method. Recently, genetic screening, genome sequencing, PCR using specific primer sets, and Southern blotting using specific probes, have been carried out with the aim of identifying those strains suitable for the production of secondary metabolites. Sequencing of Streptomyces avermitilis showed that the genome contains 30 secondary metabolite gene clusters (Ikeda et al., 2003) . Despite the fact that numerous nonribosomal peptide synthetase gene clusters have been cloned and characterized in Actinomycetes and Bacillus, only a few synthetase gene clusters from cyanobacteria such as microcystin (Christiansen et al., 2003; Nishizawa et al., 1999 Nishizawa et al., , 2000 Rouhiainen et al., 2004; Tillett et al., 2000) , anabaenopeptilide (Rouhiainen et al., 2000) , nostopeptolide (Hoffmann et al., 2003) , nostocyclopeptide (Becker et al., 2004) , and barbamide (Chang et al., 2002) have been characterized to date. The genome sequencing of some cyanobacterial species has been carried out. However, some of these cyanobacteria have neither NRPS nor PKS genes. The secondary metabolic production by individual strains seems to be peculiar. A knowledge of secondary metabolite genes may lead to further understanding of the biosynthesis, functions, evolution, and ecological roles of secondary metabolites in cyanobacteria. Furthermore, these genes are potentially rich genetic materials for creating new structural variants.
We have isolated six NRPS-encoding DNA fragments (TN series) by a PCR-based genetic approach from M. aeruginosa K-139 which produces 3-desmethyl and 3,7-didesmethyl microcystins (Nishizawa et al., 1999) and micropeptin K139 (Harada et al., 2004) . Using these amplified DNA fragments, two NRPS gene clusters corresponding to microcystin (Nishizawa et al., 1999 (Nishizawa et al., , 2000 and micropeptin synthetases were identified (Ueda et al., unpublished data). However, which NRPS genes are responsible for TN8 and TN29 is unclear. In this study, we identified a new NRPS gene cluster including the PKS gene, psm3, in M. aeruginosa K-139 using TN8 as a probe. Furthermore, we demonstrated that M. aeruginosa K-139 produces aeruginosin K139 and microviridin B. However, disruption of psm3 did not result in the disappearance of aeruginosin or microviridin.
Materials and Methods
Bacterial strains and culture conditions. The Microcystis NIES strains were obtained from the National Institute for Environmental Studies, Environmental Agency, Japan. The other Microcystis strains were isolated from Lake Kasumigaura, Japan (Harada et al., 2004) . Anabaena sp. PCC7120 was obtained from The Pasteur Collection of Cyanobacteria, Institute Pasteur, France. Cyanobacterial strains were grown under continuous illumination 35 mmol m Ϫ2 s Ϫ1 with fluorescent (cool white) light in CB medium at 30°C for the genetic analysis and in MA medium at 25°C for the extraction of peptides (Harada et al., 2004) . Escherichia coli strain DH5a was used in this study as a host for DNA cloning and sequencing. E. coli was grown at 37°C for 16 h in 2ϫ YT medium with 75 mg/ml ampicillin. DNA extraction and manipulation. Genomic DNA from cyanobacteria was isolated from cells grown to the late logarithmic phase according to a previously described procedure (Rohrlack et al., 2004; Sakamoto et al., 1993) . Plasmid DNA isolation, the PCR procedure, and Southern hybridization were performed using standard methods (Sambrook et al., 1989) . DNA sequencing and sequence analysis. A genomic library was prepared from partial HindIII-digested DNA of M. aeruginosa K-139 in the cosmid Lorist 6 vector (Nishizawa et al., 1999) . A peptide-synthetase-encoding DNA fragment (TN8) (Nishizawa et al., 1999) , which was isolated by a PCR-based approach from the genomic DNA of M. aeruginosa K-139, was used to screen the genomic library and the cosmid pCOTnb7 was isolated. To obtain the rest of the flanking regions of the cloned fragment in pCOTnb7, several shot-gun clonings were performed. DNA sequencing reactions were carried out using a BigDye TM Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems) according to the protocol of the manufacturer and analyzed on an ABI Prism 3100 DNA Analyzer. The DNA sequences were assembled and analyzed using GENETYX-MAC software (Software Development, Tokyo, Japan). Database searches for genes and proteins for sequence homology were performed by using the NCBI (National Center for Biotechnology Information) BLAST server.
Construction of M. aeruginosa mutant strain.
The plasmid for the disruption of psm3G by homologous recombination was constructed as follows. The 5,408-bp XbaI-PstI fragment containing the adenylation domain of psm3G from pCOTnb7 was cloned into the XbaI-Pst I sites of pUC119, generating pAZ703. The 1.2-kb SmaI fragment containing the Cm r gene cassette from pR107XH and the 1.8-kb BamHI fragment containing the mob gene from pSUP5011 (Simon, 1984) were inserted into the EcoRI site (in psm3G) and BamHI site (at the multicloning site) of pAZ703, respectively, generating pARI. pARI was introduced into Microcystis cells by conjugation from E. coli S17-1, and chloramphenicol resistant (8 mg of chloramphenicol per ml) double-crossover recombinants were selected, as described previously (Nishizawa et al., 1999) . Gene disruption was confirmed by hybridization experiments using appropriate probes. Chemical analysis of peptides. M. aeruginosa K-139 was grown in MA medium for 30 days and 16.7 g of freeze-dried cells was obtained. Dried cells were extracted with 5% AcOH(aq) and the extracts were cleaned up with an ODS silica gel cartridge as described previously (Harada et al., 2004) . The peptide preparation was analyzed on a COSMOSIL 5C 18 -AR-II (250ϫ10 mm I.D.) column maintained at 40°C using an HP1100 HPLC system (Agilent) with detection at 280 nm. A solvent system, 0.01 M TFA-CH 3 CN (67 : 33), was used as the mobile phase at a flow rate of 3 ml/min. Structures of the peptides were determined by using FABMA, MALDI-TOF-MS, and NMR spectroscopy (Harada et al., 2004; Ohtake et al., 1989) .
Primer extension analysis. Total RNA was isolated from Microcystis cells using hot phenol and subjected to a high-resolution primer extension analysis using the primer R-psm3ANE (5Ј-TCACCTGTTGGCTGAAC-3Ј) for psm3A and R-orf8NE (5Ј-GGGTGATGCGTG-AAATG-3Ј) for psm3I, as described previously (Nishizawa et al., 1999) .
Overexpression and purification of adenylation domain of Psm3B. A DNA fragment carrying the adenylation domain of Psm3B was amplified by PCR from chromosomal DNA of M. aeruginosa K-139 using the specific primers F-psm3B-SphI (5Ј-TTGCAT-GCAGCGTCAAAAGCTACTGTACG-3Ј) and R-psm3B-BamHI (5Ј-TAGGATCCGCCACCAATAGGATGAG-GAC-3Ј) (restriction sites are underlined). PCR amplification was performed in a MiniCycler (MJ Research, Watertown, MA, USA) using TaKaRa Ex Taq (TaKaRa) as described in the manufacturer's manual. The resulting PCR fragment was cleaved with SphI and BamHI and then ligated with the SphI-BamHI sites of pQE70 inframe with a carboxy-terminal 6ϫ His fusion construct to yield pQEB3 for overexpression in E. coli M15 (pREP4). Transformed cells were grown in 2TY medium at 37°C in the presence of 75 mg/ml ampicillin with shaking at 110 rpm. Production of the recombinant protein was induced by the addition of IPTG to the culture at an OD 660 of 0.6 to a final concentration of 2 mM and the culture was allowed to grow for an additional 7 h at 30°C. All purification procedures were carried out at 0-4°C. Cells were harvested by centrifugation for 20 min at 4,000ϫg and resuspended in sonication buffer (50 mM Tris [pH 8.0], 300 mM NaCl, 10 mM imidazole, and 2 M arginine). After freezing and thawing, cells were sonicated on ice (6 times for 10 s each) using a Tomy UD-201 sonicator and then centrifuged for 20 min at 20,000ϫg. To remove arginine, the resultant crude extract was dialyzed overnight against lysis buffer (20 mM Tris [pH 8.0], 300 mM NaCl, and 10 mM imidazole). The overexpressed protein was purified by nickel chelate chromatography (Qiagen). The sample was loaded on the column and washed three times with wash buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, and 30 mM imidazole), then recombinant protein was eluted with the same buffer containing 250 mM imidazole. Fractions containing protein were pooled, dialyzed against dialysis buffer (50 mM Tris [pH 8.0], 0.5 mM DTT, 0.1 mM EDTA, and 50% glycerol), and stored at Ϫ80°C.
ATP-PPi exchange assay (Stachelhaus and Marahiel, 1995) . The ATP-PPi exchange reaction for measuring the substrate specificity of the adenylation domain was carried out as follows. The reaction mixture (50 pmol of enzyme, 50 mM Tris-HCl [pH 8.0], 2 mM MgCl 2 , 100 mM DTT, 1.5 mM ATP, 0.1 mCi of [ 32 P] pyrophosphate (NEN Life Science Products, Inc.), 1.5 mM potassium fluoride (KF), and 1.5 mM substrates) was incubated for 15 min at 30°C. The reaction was terminated by the addition of 360 ml of 10% TCA and 20 mg of activated charcoal and mixed for 1 min. The charcoal was pelleted by centrifugation, and washed once with 500 ml of distilled water. The ATP bound to the charcoal was eluted with 1 ml of a 0.5% ammonia-50% ethanol solution and placed in a Packard 2300TR liquid scintillation analyzer to determine the radioactivity. Nucleotide sequence accession number. The nucleotide sequence data reported here will appear in the GenBank, EMBL, and DDBJ Nucleotide Sequence Database under the accession No. AB279593.
Results

Cloning, nucleotide sequencing and analysis of psm3 cluster
The adenylation domain-encoding DNA fragment TN8 amplified by PCR from M. aeruginosa K-139 (Nishizawa et al., 1999 ) was used to screen a cosmid library of the M. aeruginosa K-139 genome and a positive cosmid pCOTnb7 containing a 7-kb DNA insert was isolated. The nucleotide sequence analysis indicated that a part of the putative NRPS gene cluster was present in the insert. To obtain the rest of the regions flanking the insert in pCOTnb7, we carried out shotgun cloning and finally determined about a 35 kb DNA sequence and identified 17 putative open reading frames (orfs). A sequence-based comparison of the putative orfs with the NCBI database revealed that 13 of the orfs were likely to be responsible for nonribosomal peptide biosynthesis, and so the cluster was designated psm3 (peptide synthetase of Microcystis) (Fig.  1, Table 1 ). psm3 has a slightly lower GC content (36%) than M. aeruginosa K-139 genomic DNA (41%) (Sakamoto et al., 1993) . psm3A, B, C, D, E, F, G, H and psm3I, J, K, L, M form two putative operons that are transcribed in the opposite direction to each other.
Sequence analysis of psm3A, psm3B, and psm3G revealed a typical modular structure for nonribosomal peptide synthetase (NRPS) genes ( Fig. 1 and Table 1 ). Psm3A (626 amino acids (aa)) contains an adenylation and a thiolation domain. Psm3B (1,415 aa) is composed of one module, containing condensation, adenylation, thiolation, and thioesterase domains. The carboxyl-terminal thioesterase domain of the NRPS gene suggests that the synthesis of this peptide is completed by the action of this domain. Psm3G (1,619 aa) contained a NRPS module including a condensation, adenylation, thiolation and epimerization domain. The adenylation domains of Psm3A, Psm3B, and Psm3G contain a highly conserved core sequence (Stachelhaus and Marahiel, 1995) . On the other hand, PsmH (334 aa) and PsmK (623 aa) have an untypical modular structure for NRPS. Psm3H contains only a condensation domain in which the core HHxxxDG sequence is present (Stachelhaus et al., 1998) . Psm3K encodes a protein with high similarity to a family of acyl-ACP synthetases (ASs), such as the JamA of jamaicamide synthetase (Daniel et al., 2004) tity and 58% similarity, GenBank accession no. Q6E7K9). The psm3L gene encodes a 488 aa polypeptide. The N-terminal region of Psm3L is similar to syringomycin SyrB2 protein (Vaillancourt et al., 2005 ) (26% identity and 44% similarity, Q9RBY6) and the C-terminal region has homology to ACP, with a conserved amino acid motif. SyrB2 mediates chlorination of L-Thr of syringomycin in Pseudomonas syringae pv. syringae B301D. Interestingly, the region lying between halogenase and the ACP domain shows similarity to the acyl-CoA binding protein (ACBP) of Cyprinus carpio (34% identity and 54% similarity, Q6LE27) (Kragelund et al., 1999) . The psm3M gene encodes a polypeptide of 2,384 amino acids, containing a putative KS, AT, ACP, aminotransferase (AMT), and Cmethyltransferase (CM) domain. The amino acid motif conserved in each domain of PKS (Tang et al., 1998) is conserved in the KS, AT, ACP, AMT, and CM domains of Psm3M. Interestingly, a putative condensation domain, which conserves the core sequence (HHxxxDG), is located at the C-terminus of Psm3M. The psm3C product displays significant similarity to asparagine synthetases of Shewanella denitrificans (47% identity and 64% similarity, Q12IB8) (Yoshida et al., 1999) . The deduced amino acid sequence of psm3D shows highest similarity to the hypothetical protein of Crocosphaera watsonii WH8501 (55% identity and 74% similarity, Q4C3C1) and syringomycin SyrP protein (37% identity and 59% similarity, Q88F76). The SyrP are presumed to regulate transcriptional expression of the syringomycin synthetase gene (Zhang et al., 1997) . The deduced amino acid sequences of psm3E, psm3F and psm3J are similar to each other (28-42%), but did not show similarity to any proteins in a Blast search. A putative protein of 106 amino acids encoded by psm3I shows no significant homology to other proteins in the NCBI database. Moreover, homology analyses of the flanking region of psm3 show that Orf1, Orf2, Orf3, and Orf4 are similar to the AvaI restriction enzyme (50% identity and 66% similarity, P0A458), AvaI methyltransferase (55% identity and 68% similarity, P0A462) of Anabaena variabilis, 6-phosphofructokinase of Synechocystis sp. PCC 6803 (66% identity and 76% similarity, P72830), and transposase of Anabaena sp. PCC 7120 (32% identity and 55% similarity, Q8YWK4), respectively. orf1 and orf4 are located 490 bp upstream of the start codon (ATG) of psm3A and 805 bp upstream of the start codon (ATG) of psm3I, respectively. 
Conservation of the psm3 genes among Microcystis strains
The presence of psm3 in Microcystis strains was examined by genomic Southern hybridization. The chromosomal DNAs from Microcystis strains were digested with HindIII and then Southern hybridization was performed using the module-specific probes (psm3H and psm3M) and orf2 probe shown in Fig. 1 . The results of the analysis are shown in Table 2 with the data on mcy and mip. Signals corresponding to psm3H and psm3N were detected only in M. aeruginosa B-47 and NIES-89. To examine the arrangement of the cluster, internal non-coding regions of the psm3 gene cluster were amplified by PCR using specific primers and the specific amplified band upon agarose gel was compared to that derived from M. aeruginosa K-139. PCR analysis revealed a completely conserved organization of the cluster structure, psm3A, B, C, D, E, F, G, H and psm3I, J, K, L, (data not shown). However, an amplified fragment between orf1 and psm3A in the genome of M. aeruginosa NIES-89 was approximately 200 bp larger than the expected PCR product. Sequence analysis revealed a 189-bp insert 252 bp upstream of the start codon of psm3A. On the other hand, hybridization signals were detected with the orf2 probe in five strains, M. aeruginosa K-81, K-139, TC, S-77, and NIES-90; however, no hybridization signal was detected on chromosomes of the psm3 positive strains, M. aeruginosa B-47 and NIES-89.
Identification of aeruginosin K139 and microviridin B
Microcystin and micropeptin have been identified in M. aeruginosa K-139. Our genetic analysis suggested that M. aeruginosa K-139 has the ability to produce more than three kinds of peptides. In order to correlate peptides from M. aeruginosa K-139 to the corresponding NRPS genes, a comprehensive analysis of peptides was carried out and two peptides, aeruginosin K139 and microviridin B, were identified as shown below.
Aeruginosin K139: A fraction that was eluted before microviridin B on HPLC (see MATERIALS AND METH-ODS) was pooled and subjected to TLC (TLC plate, Kiesel gel 60F 254 ; mobile phase, CHCl 3 : MeOH : H 2 O=63 : 35 : 10, lower layer). A compound corresponding to a major spot detected with UV 254 nm and I 2 was purified by TLC (CHCl 3 : MeOH : H 2 O=63 : 35 : 10, lower layer) followed by gel filtration using TOYO-PEARL HW-40F. The [MϩH] ϩ observed at m/z 603 in the ESI-TOF-MS spectrum showed that the molecular weight of this compound is 602 and its molecular formula was determined as C 30 H 46 N 6 O 7 by high resolution FAVMS. The 1 H-NMR spectrum (500 MHz, CD 3 OD) indicated the presence of a peptide containing Leu and 4-hydroxyphenylacetic acid (Hpla), and this pattern is very similar, but not identical, to that of aeruginosin 89 produced by M. aeruginosa NIES-89. In order to establish the structure, ESI-MS/MS was carefully carried out. Figure 2 shows the MS/MS spectrum of the [MϩH; MeOH] ϩ (m/z 635) and its fragmentation pattern with structure of aeruginosin K139. Microviridin B: A compound corresponding to a peak eluted before micropeptin K139 on HPLC (see MATERIALS AND METHODS) was separated by preparative HPLC (column, COSMOSIL 5 C 18 -AR-II; mobile phase, 0.01 M TFA : CH 3 CNϭ67 : 33; flow rate, 3 ml/min; detection, UV 280 nm. The [MϩH] ϩ observed at m/z 1,723 in the FABMS and MALDI-TOF-MS spectra showed that the molecular weight is 1,722. Analysis using 1 H-NMR (400 MHz, CD 3 OD) and advanced Marfey's method indicated that this peptide is microviridin B containing 10 amino acids whose absolute configurations are all L-type. Finally, this peptide was identified to be microviridin B by direct comparison on HPLC with an authentic microviridin B from M. aeruginosa NIES-298. 
NT: not tested.
Gene disruption and analysis of products
In order to identify the product synthesized by Psm3, a psm3G disruption mutant was isolated. Analysis by LC-MS showed that this mutant produced aeruginosin K139, microviridin B, micropeptin, and 3-desmethyl and 3,7-didesmethyl microcystin as well as the wild type. To compare the peptide composition of the wildtype and psm3G mutant, an LC-MS analysis of whole cell extracts and the culture medium was carried out. Cell extracts with 5% AcOH or 100% MeOH from stationary phase cells grown in CB medium and MA medium were cleaned up with an ODS silica gel cartridge. The centrifugal supernatant of the cultured CB medium was applied to an ODS silica gel cartridge and peptides were eluted with MeOH. The psm3G mutant showed a nearly identical HPLC elution pattern to that of the wild-type strain, indicating the production of the same peptides. Furthermore, we tried to identify a metabolite correlated with psm3 in the cells of M. aeruginosa B-47, which possesses the psm3 gene cluster, by TOF-MS. However, we could not identify such a metabolite.
Transcriptional analysis
Since the psm3-corresponding metabolite was not identified, transcriptional expression of psm3A and psm3I was examined. M. aeruginosa K-139 cells were grown under continuous illumination for 10 days, then under a 12/12 h light/dark cycle. Total RNA was extracted from the cells at various times as indicated in Fig. 3 . Primer extension analysis of psm3A revealed one start point designated as P1 and the signal intensity of the transcript in the dark was slightly weaker than that under light. On the other hand, primer extension analysis of psm3I revealed two putative start points designated as P1 and P2 from each RNA preparation under both light and dark conditions (Fig.  3) . Two transcripts were expressed weakly in the dark, suggesting that the expression of psm3 is light-dependent. Putative psmA (5Ј-GGTACA [15 bp space] ACAAGC) and psm3I (5Ј-TTGACAA [16 bp space] TACTACT) promoters were identified upstream from the transcriptional start points P1 and P2, respectively.
Functional analysis of adenylation domain of Psm3B
The substrate specificity of an adenylation domain was predicted on the amino acid sequence motif in the substrate-binding pocket. The 10 residues lining the substrate-binding pocket in Psm3A, Psm3B, and Psm3C were obtained by comparison with the GrsA adenylation domain, but those of Psm3K were not identified (Challis et al., 2000; Stachelhaus et al., 1999) . The signature of Psm3A was not similar to any consensus sequence in the database. The adenylation domain of Psm3B was predicted to activate Phe or Tyr. The signature of Psm3C was in agreement with 9 in 10 of the expected conserved residues for the recognition and activation of aspartic acid.
To identify the substrate specificity of Psm3B, the DNA fragment coding for the adenylation domain of Psm3B was amplified from M. aeruginosa K-139 chromosomal DNA and cloned into the pQE70 expression vector as described in MATERIALS AND METHODS. The protein with a His 6 -tagged C-terminus was overexpressed in E. coli M15. Almost all the overproduced proteins were recovered in the insoluble fraction after disruption by sonication. Therefore, a sonication buffer containing 2 M arginine to aid the solubilization of the recombinant protein was used. After dialysis of the lysate to remove arginines that impair the binding of the His-tagged protein to nickel resin, the recombinant protein was purified by Ni 2ϩ -affinity chromatography. The size of the purified recombinant protein on SDSpolyacrylamide gel is well consistent with a theoretical molecular mass of 70 kDa. The substrate specificity of the purified recombinant Psm3B was measured using an amino acid-dependent ATP-PPi exchange assay. Asparagine was used as a negative control. The result indicated that Psm3B prefers Tyr over Phe (Fig. 4) . These results suggested that the peptide synthesized by the Psm3 multienzyme complex includes Asp and Tyr.
Discussion
In this study, we identified the PKS/NRPS heterogene cluster, psm3, from a microcystin and micropeptin-producing M. aeruginosa K-139 (Fig. 1) . The psm3 cluster spanning 30 kb, composed of 13 bidirectionally transcribed open reading frames arranged in two putative operons, encoded NRPS modules, a PKS module, and several unique proteins such as halogenase and acyl-CoA binding protein (ACBP). To find out the product synthesized by Psm3, an analysis of the Individual substrate activities are presented by bars and the highest level of activity was defined as 100%. Abbreviation: no, control experiment without any amino acid substrate.
peptide composition of the wild-type and psm3G mutant was carried out. As a result, a metabolite correlated with psm3 could not be identified. On the other hand, aeruginosin K139 as a new member of the aeruginosin family and microviridin B were isolated from M. aeruginosa K-139. These results suggested that M. aeruginosa K-139 produces no detectable level of a peptide synthesized by Psm3 or the Psm3 multienzyme complex has no function in peptide synthesis.
Recently, the hectochlorin biosynthetic gene cluster (hct) was identified from the marine cyanobacterium Lyngbya majusucula (Aishwarya, 2006) . Hectochlorin is a lipopetide containing dichloro-fatty acid. Interestingly, Psm3K and Psm3L show a high degree of similarity to HctA (41% identity and 58% similarity, AY974560) and HctB (48% identity and 68% similarity, AY974560) of hectochlorin synthetase. The gene content and arrangement responsible for HctA, HctB, HctC, and HctD are shown in Fig. 5 . The gene structure of psm3 except for psm3KLM is quite different from that of hct. On the basis of the hectochlorin structure and deduced functions of HctA and HctB, it is presumed that HctA initiates hectochlorin biosynthesis by activation of a hexanoic acid followed by loading to the ACP domain of HctB, and then fatty acyl-ACP is modified with chloride by the halogenase domain of HctB (Aishwarya, 2006) , suggesting that Psm3K is the starter acyl-ACP synthetase domain and the Psm3-synthesized product contains dichloro-fatty acid. Curiously, the region between the halogenase and ACP domains of Psm3L has some similarity to ACBP. This region is also highly homologous to that between the halogenase and ACP domains of HctB (50% identity and 85% similarity). ACBP is approximately 10 kDa, and binds saturated and unsaturated C 14 -C 22 acyl-CoA esters in a one-to-one binding mode with high specificity and affinity (Kragelund et al., 1999) , suggesting that the ACBP-homologous domain in Psm3L might be concerned in a step of chlorination of fatty acid by the stabilization of fatty acid in a hydrophobic pocket.
The elongation step might continue according to the chemistry of polyketide biosynthesis on Psm3M. The similarity of the N-terminal region including KS and AT domains in HctD (Q1EDB2) and Psm3M is 70%. According to a homology-based analysis, the AT domain of Psm3M is predicted to use malonyl-CoA as an extender unit. After C-methylation and amination by the CM and AMT domains of Psm3M, the ACP-bound growing intermediate is predicted to undergo peptide elongation by the condensation domain of Psm3M. On the basis of homology with the adenylation domain, the Psm3G module is predicted to incorporate aspartic acid. Since Psm3G is characterized by an epimerization domain in addition to a typical NRPS domain, Laspartic acid would be transformed to D-aspartic acid. Both a sequence analysis of the adenylation domain binding pocket residues and in vitro biochemical characterization of the adenylation domain of Psm3B confirmed its role in the incorporation of L-Tyr into the intermediate (Fig. 4) . The peptide intermediate was released and/or cyclized by thioesterase of Psm3B.
A light-dependent transcriptional expression of psm3I was observed (Fig. 3) . Microcystin synthetase and micropeptin synthetase genes have been reported to be dependent on light as well (Kaebernick et al., 2002; Nishizawa et al., 1999 Nishizawa et al., , 2000 . Although many peptide synthesis genes in cyanobacteria exhibit lightdependent expression, a precise conserved cis-element in the promoter region and trans-acting factor for 2007 A new hetero-gene cluster of NRPS and PKS from Microcystis 25 light-dependent expression has not been identified. Psm3D shows similarity to a transcriptional regulatory protein, SyrP, of the syringomycin synthetase gene. SyrP retains the phosphotransfer and phosphoacceptor binding domain of CheA, which is a histidine kinase of E. coli. Therefore, Psm3D might be related to the regulation of psm3 gene expression.
The cyanobacteria are rich in natural products. NRPS and PKS genes are present in a diverse range of cyanobacteria, however not all cyanobacteria contain these genes. According to the genomic Southern hybridization analyses, the psm3 gene was retained as a strain-peculiar feature in the genus Microcystis and had a sporadic distribution within cyanobacteria (Table  2) . Consequently, our studies demonstrated that M. aeruginosa K-139 has five nonribosomal peptide synthetase genes at least. Recently, it was reported that microcystin synthetase genes were present in the last common ancestor of a large number of cyanobacteria (Rantala et al., 2004) . The high degree of similarity of Psm3K and Psm3L to HctA and HctB in the distantly related marine cyanobacterium Lyngbya majusucula has aroused our interest in the evolution of psm3. To understand the biosynthesis, functions, evolution, and ecological roles of secondary metabolites in cyanobacteria, comprehensive screenings for the NRPS and PKS genes in numerous cyanobacteria are required.
